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ABSTRACT: The characterization and implementation of As-deposited 0, plasma
solution-processed, wide bandgap nickel oxide (NiO,) hole- Eusc smrmpren
selective interlayer materials used in bulk-heterojunction Ewe = NiO

(BHJ) organic photovoltaics (OPVs) are discussed. The hatoy N"c’?l: A hatoy
surface electrical properties and charge selectivity of these G NOOH/| ] | . J
thin films are strongly dependent upon the surface chemistry, ‘ ) HO AN e
band edge energies, and midgap state concentrations, as ‘Jf‘\ ¢
dictated by the ambient conditions and film pretreatments. i T AN\ —| |o=53ev
Surface states were correlated with standards for nickel oxide, C AN f\\_____

hydroxide, and oxyhydroxide components, as determined Er ---1%--------- B A
using monochromatic X-ray photoelectron spectroscopy. T Eoirer

Ultraviolet and inverse photoemission spectroscopy measure-

ments show changes in the surface chemistries directly impact the valence band energies. O,-plasma treatment of the as-
deposited NiO,, films was found to introduce the dipolar surface species nickel oxyhydroxide (NiOOH), rather than the p-dopant
Ni,0;, resulting in an increase of the electrical band gap energy for the near-surface region from 3.1 to 3.6 eV via a vacuum level
shift. Electron blocking properties of the as-deposited and O,-plasma treated NiO, films are compared using both electron-only
and BHJ devices. O,-plasma-treated NiO,, interlayers produce electron-only devices with lower leakage current and increased
turn on voltages. The differences in behavior of the different pretreated interlayers appears to arise from differences in local
density of states that comprise the valence band of the NiO, interlayers and changes to the band gap energy, which influence
their hole-selectivity. The presence of NiOOH states in these NiO, films and the resultant chemical reactions at the oxide/
organic interfaces in OPVs is predicted to play a significant role in controlling OPV device efficiency and lifetime.
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Bl INTRODUCTION

Polymer—fullerene blends, or bulk heterojunctions (BHJs),
represent the most promising architecture in organic photo-
voltaics (OPVs) for increasing photocurrent yield and overall
energy conversion efficiencies.'™® However, the extensive
intermixing of donor and acceptor phases may result in both

preferential harvesting of specific charge carriers (either holes
or electrons) at the appropriate contact.*”**™>” Recent studies
on OPV materials and devices suggest that interlayer materials
can establish both thermodynamic constraints on charge
collection (based on the ionization energy (IE) and electron
affinity (EA) of the interlayer material relative to the hole and

electron transport energies of the active layer in the OPV)®°
entities being in simultaneous contact with both hole-harvesting

and electron-harvesting electrodes.”” "' Charge recombination
events can therefore dominate at the contacts, resulting in a
significant loss of power conversion efficiency, typically
manifested in reduced open circuit voltages (Voc).””™>*

To minimize contact localized recombination, charge-
selective interlayers are added between both hole- and
electron-harvesting electrodes and the photoactive layer to
control energetic barriers to charge harvesting and increase the
selectivity of the contact. Such functionality of an interlayer is
often described as charge selectivity, with a proposed
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and kinetic constraints (where the interlayer simply enhances
the rate of harvesting of one charge carrier over the other).”
The use of interlayers at electrode/active layer interfaces
improves the current—voltage rectification of the de-
vice”?*'73% and is essential to balance rates of hole and
electron harvesting at both contacting electrodes.'®***” There

have been numerous selective contacts developed to date,
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Figure 1. Ni 2p, Ni Auger (LVV), and O 1s spectra for Ni foil controls. From top to bottom: (a) Ar ion sputtered Ni metal, (b) Ar ion sputtered Ni
metal exposed to O, gas for 10 min, (c) Ar ion sputtered Ni metal exposed to ambient for 10 min, (d) Ni foil heated to S00 °C in the presence of O,,
(e) Ni foil electrochemically oxidized in 1 M KOH for 120 s under a N, blanket. Raw data are given by (@) and with fitted components (red lines)
and the net fit (blue lines). Peaks for the Ni 2p spectra are added only to guide the eye to changes in spectral shape discussed in the text and do not

represent full component analysis.

including polymers, doped small molecules, and metal oxides.”*

How these interlayers operate and their impact on interfacial
dynamics of BHJs continues to be a significant area of study.
Metal oxides are a recently introduced class of materials for
either hole- or electron- selective interlayer materials.***~*
Certain p-type metal oxides, such as nickel oxide, are suggested
to be hole-selective due to a combination of two properties: (i)
an energy match of the oxide valence band energy (Eyg) to the
hole transport level or highest occupied molecular orbital
(HOMO) of the donor and (ii) a large bandgap, yielding an
oxide conduction band (Ecg) closer to the vacuum level than
the lowest unoccupied molecular orbital (LUMO) of either the
donor or the acceptor, a property necessary for thermodynamic
electron blocking.8’38 Nickel oxide (NiO,) thin films on indium
tin oxide ITO have been utilized to enhance hole injection in
light emitting diodes (LEDs), resulting in a decrease in turn on
voltages.***> The functionality of NiO, as a contact interlayer
in quantum dot-based LEDs was proposed by Bulovic, Bawendi
and co-workers;**™* the wide band gap (~3 eV) and deep
valence band energy was hypothesized to align with the hole
transport level of various donor polymers.*****~> A more
detailed explanation on the origin of the band gap in
stoichiometric NiO is provided in the Supporting Information.
NiO, interfacial layers have been fabricated by various methods
for OPV applications, including pulse laser deposition,*>*>*
sputtering,*>*>¥>> oxygen plasma treatment of metallic
nickel,*® and processing via spin-casting from solution
precursors.’>>" Inclusion of NiO, interlayers have recently
been demonstrated to improve the efficiency of several types of
BHJ OPVs and improve the lifetime of these devices relative to
OPVs created with doped poly(thiophene) interlayers (poly-
(3,4-ethylenedioxythiophene) poly(styrenesulfonate) or PE-
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DOT:PSS).***%7 Recently, Irwin and co-workers have also
demonstrated that NiO, interlayers deposited over ITO
electrodes improved the electrical homogeneity of that
contact.®

Despite all of the appealing energetic qualities for inclusion
in OPVs, NiO, materials are known to demonstrate complex
surface chemistries and are susceptible to hydration in ambient
conditions.***® Doping of NiO has been recently summar-
ized,® with NiO shown to p-dope (with holes) through two
mechanisms. The first is the introduction of intrinsic defects,
which has been attributed to the production of Ni®**
centers.”*®> However, it is energetically more favorable that
the charge compensation is derived from O'~ ions or ligand
holes.®® The second method for hole doping is the substitu-
tional replacement of Ni** with Li’, again pointing to the
creation of O'~ ions in order to maintain charge neutrality.*’
Ni**, however, is known to be a strong oxidizing agent,67 which
should dramatically impact the interfacial chemical interactions
between a Ni** containing material and an active layer with
electron-donating polymers or small molecules. Recent reports
of BHJ OPVs formed with NiO, interlayers have alluded to
Fermi level pinning at the NiO,/donor-polymer interface,
promoting bulk-limited contacts for improved hole extraction.*’
Solution-processed NiO, (s-NiO,) is especially interesting for
scalable OPV fabrication, but attention must be paid during
processing to various surface reactions which change the
properties of the NiO, interlayer and the oxide/organic
interface. It is as yet unclear how the chemical reactivity of
NiO, films and the distribution of surface states (with complex
compositions) are altered by post-deposition treatments such
as O, plasma activation. Such pretreatments can influence the
surface chemistry of these interlayers and ultimately OPV
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Figure 2. Ni 2p, Ni Auger (LVV), and O 1s spectra the pretreatments of s-NiOx films. (a) “As-deposited” NiOx, (b) Ar ion-sputtered NiOx, and (c)
O,-plasma treated NiOx. Raw data is given by (@) and with fitted components (red lines) and the net fit (blue lines). Peaks for the Ni 2p spectra are
added only to guide the eye to changes in spectral shape discussed in the text and do not represent sufficient component analysis. An expanded plot

of the Ni Auger peaks is provided in the Supporting Information.

device performance. This manuscript represents the first in a
series of characterizations of solution-processed NiO,/organic
interfaces and how plasma treatment of the oxide prior to
device preparation affects interfacial charge transfer rates
relevant to OPV platforms.

The surface chemistries, electrical properties, and interfacial
states of as-deposited and pretreated s-NiO,, films are presented
below, with the intended functionality as a hole-selective
contact: (i) “as-deposited” AD-s-NiO, films; (ii) AD-s-NiO,
following Ar ion-sputtering (“Ar-s-NiO,”); and (iii) AD-s-NiO,
films following O, plasma treatment (“OP-s-NiO,”). The paper
is divided into three sections. The initial focus is on the
characterization of various nickel metal and nickel oxide (and
oxy-hydroxide) standards using monochromatic X-ray photo-
emission spectroscopy (XPS), which guides interpretation of
the surface composition of AD-, Ar-, and OP-s-NiO,, interlayer
films. In the second section, changes in near-surface
composition are correlated to the observed changes in valence
band energies (measured using ultraviolet photoemission
spectroscopy, UPS) and conduction band energies (evaluated
with inverse photoemission spectroscopy, IPES). In the final
section, the contact selectivity for AD- and OP-s-NiO,, films is
evaluated using electron only devices, designed to inject
electrons from either the top or bottom contacts and BHJ
OPVs, where the current density—voltage (J—V) properties and
device performance help to explain the electron blocking
properties of s-NiO,, films.

Bl RESULTS AND DISCUSSION

XPS of Metallic Nickel, Nickel Oxide Standards, and
s-NiO, Films. Standards for nickel metal and nickel oxide,
selected to provide a broad spectrum of possible compositions
of the s-NiQ, interlayer films, were created using a nickel metal
foil and were prepared ex situ to mimic realistic solution-
processing techniques, immediately prior to XPS/UPS/IPES
characterization (Figure 1). These are compared with the
photoemission spectra for three different s-NiO, films (Figure
2) deposited on gold foils: (i) AD-s-NiO, films, (ii) Ar-s-NiO,

4990

films, and (iii) OP-s-NiO, films a pretreatment confirmed to
increase the efficiency of BH] OPVs compared to AD-s-
NiO, 501557

Figure 1 shows the O 1s and Ni 2p XPS spectra, and the X-
ray induced LVV Ni Auger transition for various standard
materials. These spectra are some of the highest-resolution XPS
data obtained to date for nickel oxides, particularly for the O s
region, and help provide insight into the composition of
complex mixed nickel oxide films. The O 1s spectra in Figure 1
were fit using chemically reasonable and clearly resolved
chemical components, while maintaining consistent fwhm for
individual peaks.

Nickel has a predominant oxidation state of +2, but can also
be found with oxidation states ranging from +1 to +4.5
Metallic nickel is known to be highly reactive with ambient
environments, with approximately three monolayers of NiO
and/or Ni(OH), forming spontaneously on atomically clean
nickel metal.®® Higher oxidation state forms of nickel oxides
include Ni,0;, Ni;O,, and NiO,. In aqueous solutions, Ni** is
the dominant species, although there is evidence for the
existence of Ni’* (a known oxidizing agent for water)®*7°
which might be present as well in solutions used to form NiO,
interlayer films (see below).

Clear assignments of the true oxidation state of nickel are
complicated by the complexity of the Ni 2p spectrum.”!
Previous XPS analyses of nickel oxides show that there is strong
overlap between the peaks for Ni** and Ni** in Ni 2p
photoemission spectra, while metallic nickel can be clearly
resolved.”> The complex Ni 2p XPS spectrum for stoichio-
metric NiO is often described using a core metal d-electron
state (c) and the ligand oxygen p-electron (L) notation, with
the main cd’L photoemission peak at a binding energy (BE) of
~854.6 eV accompanied by a broad satellite peak at ~861.7 eV
(fwhm ~6 eV), the later stemming from the unscreened cd®
final state component.”” An additional shoulder to the cd’L
component appears near 856.1 eV, which cannot be modeled
with cluster calculations (ie., a single octahedral NiOg
cluster).”* This significant shoulder peak has often been
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Table 1. Binding Energies for O 1s Components, Reference Energies for Ni 2p Spectra, and Auger Parameters (c) for Figure 1¢

%

O 1s composition  Ni 2p;/,
Ni metal Ar* sputtered N/A N/A 852.9%
Ni metal O, exposure 529.6° 41.9 853.1¢
531.3° 489 854.7"
533.14 9.3
Ni metal ambient exposure 529.5° 26.8 853.1%
531.3° 56.8 854.9"
533.14 164
Ni metal heated 500 °C in 529.4% 75.1 854.1"
ambient 531.3¢ 249 855.3
Ni metal electrochemically 52920 294 855.2"
oxidized 530.7° 39.5 856.4*
532,V 16.7
532.9¢ 14.5

“@’ = KEpyger + BE

photoelectry

Ni 2py,
870.1%

870.4%

872.9"

870.3%
873.1"

871.6"
873.5

872.7"
873.8%

Ni 2p, ,-Ni Ni 2p;/, Ni 2p,),

) 2p3)» intersite’ satellite a a’
17.2 854.8 858.5 1698.4 N/A
17.3 856.7 860.0 1698.3 N/A
18.2 1699.9 N/A
17.2 856.7 860.3 1698.4 N/A
18.2 1700.2 N/A
17.5 856.6 861.2 1698.4 1702.2
18.2 1699.6 1703.4
17.5 857.5 861.6 1699.1 1705.2
17.4 1700.3 1706.4

. @" uses the higher kinetic energy (lower binding energy) shoulder of the Auger peak. “O 1s component of NiO. <O 1s

component of Ni(OH),. “O 1s from physisorbed H,0. “O 1s from Ni,O;.7O 1s from NiOOH. #Metallic Ni character. hNi 2p for NiO/Ni(OH),.

"Ni 23/ intersite *Ni 2p for Ni,O;. *Ni 2p for NiOOH.

associated with defects, including both Ni** and Ni® species.”®

Others have attributed this shoulder to nonlocal screening,
which has been associated with oxygen atoms outside the
octahedral NiOg cluster (neighboring octahedral NiOg
units)”*” and confirmed with the use of alkali dopants.

Grosvenor et al,”’ and Biesinger et al,”"”® have recently
concluded that the full Ni 2p photoemission envelope, for pure
Ni** species (e.g, NiO or Ni(OH),) and pure Ni** species
(e.g, y-NiOOH) can be fit with a unique set of seven
components, derived from the multiplet line shapes for free
ions calculated by Gupta and Sen.””® Mixtures of the two
oxidation states therefore require fits for both Ni** and Ni**
components, resulting in a fourteen-component fit for a binary
system.”””® Because the NiO, films in Figure 1 are clearly
mixtures of different oxidation states of nickel, statistically
unique line shapes were not obtainable with the inclusion of all
components. Instead, Ni 2p data was fit using chemically
reasonable and previously assigned peaks, which serve as a
guide to changes in near-surface composition. These peaks can
be correlated to one of the Ni standard states, or mixtures of
those states. These studies establish a binding energy
calibration table (Table 1) for various nickel oxide species in
order to later evaluate the near-surface composition of s-NiO,,
films.

Metallic Nickel. Figure 1a shows the spectra for the nickel
foil, argon-ion sputtered under vacuum until O 1s and C Is
peaks fell below detection limits. The separation of the Ni 2p;,
and Ni 2p, , is ~17.2 eV and the Auger parameter (@ = KE pyger
+ BE,; /Z_Phome[ectmn) is 1698.4 eV and both measurements are
consistent with values previously reported for Ni%.*"** The Ni
2p peak at 8529 eV has clear metallic character, as
demonstrated by asymmetric tailing of the photoemission
peak to higher binding energies; the formation of even a
monolayer of oxide generally suppresses the energy loss
processes governing asymmetric metallic line shapes.™

N+ Species on Ni Foils Exposed to Ambient Gases. Ni**
typically exists as either NiO or Ni(OH),, with the passivation
of metallic nickel commonly described as a layer model of
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molecular NiO growth on the metal surface under a compact
layer of Ni(OH), in contact with ambient/solution environ-
ments.”” NiO is formed via nucleation and lateral growth of
oxide islands, resulting from a dissociative chemisorption
reaction with oxygen.®® Chemisorbed hydroxide radicals are
hypothesized to form through the surface initiated dissociation
of water, yielding the generally accepted NiO/Ni(OH), model.
Ni(OH), species can be further categorized as hydrated a-
Ni(OH), and anhydrous -Ni(OH),, the S-phase arises from
the dehydration of the a-phase at temperatures above 240 °C.%”
Metallic Ni behaves as an electropositive metal and the
oxidation of Ni to either NiO or Ni(OH), proceeds with
similar thermodynamic driving forces. It is therefore difficult to
produce stoichiometric NiO under ambient conditions.*® An
effort was made to locally control the surface concentrations of
NiO to Ni(OH), species on the surface to systematically
evaluate the binding energies of each.

Figure 1b,c show the spectra for the atomically clean nickel
foil exposed for 10 min to either O, gas, first passed through a
drying tube, or oxygen as a component of laboratory ambient
conditions. The two O 1s peaks at ~529.6 and 531.3 eV are
attributed to NiO and Ni(OH), species, respectively. A third,
higher binding energy component at ~533.1 eV is associated
with bound waters of hydration.”"”® The assignment of the
Ni(OH), species is verified by the increase in the higher
binding energy O 1s component at ~531.3 eV, when
comparing spectra for the nickel foil exposed to dry O, gas
versus exposure to ambient conditions (Figures 1b,c). Using a
higher photoemission takeoff angle (60°), and hence a more
surface sensitive measurement, indicates this is predominantly a
surface species. Further tailing at higher binding energies in the
O 1s spectrum is evident, attributable to physisorbed or
nondissociated water. There is also a possibility for residual
decomposition products from thermodynamically unstable
higher oxidation components (discussed below). High binding
energies components are often associated with adsorption of
carbonaceous species onto oxides but can be eliminated in this
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case since increased contributions from the high binding energy
O 1s peak did not correspond with increasing C 1s peak area.

Coverages of both NiO and Ni(OH), on metallic Ni are
estimated to be at the monolayer scale,®® and correspond with a
shift of the Ni 2p peak to slightly higher binding energies (from
852.9 for the Ar ion sputtered Ni metal in Figure 1a, to 853.1
eV for Figure 1b,c) with little change in the shape of the nickel
Auger peaks. For Figures 1b and 1C, the difference in the
predominant, low binding energy, metallic components for Ni
2p3/, and Ni 2p, 5, is still ~17.3 eV, indicating residual metallic
character. Aside from the metallic Ni 2p regions, both the dry
O, and the ambient exposed Ni foils have additional
contributions that can be correlated with the two lower binding
energy peaks in the O 1s spectra. The dry O, exposed sample
spectrum is consistent with NiO (Figure 1b) having
component peaks at ~854.7 and 856.7 eV for the Ni 2p;,
and a broad peak at ~872.9 eV for the Ni 2p, ,, with the larger
contribution from the 854.7 eV component. The separation
between the Ni 2p;,, NiO and the Ni 2p,,, NiO is ~18.2 eV. In
contrast, the Ni 2p;/, spectrum for the Ni foil exposed to
ambient (Figure 1c) has two components at 854.9 and 856.7
eV, both of which are shifted to higher binding energies
compared to the O,-exposed sample (Figure 1b), and a Ni
2p, , component at ~873.1 eV, resulting in a Ni 2p, ,—Ni 2p;,
binding energy separation of ~18.2 eV. The net contribution
for the 854.9 eV component is higher for the ambient exposed
sample, suggesting there is some overlap between the satellite
attributed to nonlocal screening and the hydroxide component,
seen in the O 1s spectra.

Ni,O3; Formed at High Process Temperatures. Figure 1d
shows the spectra for the Ar ion sputtered Ni film subsequently
exposed to oxygen at 500 °C. At this temperature, there should
be no adsorbed water and any hydroxylated species should be
converted to the oxide.”” The presence of NiO can be seen in
the dominant peak in the O 1s spectrum at ~529.4 eV, a
slightly lower binding energy than the foils exposed to ambient
or dry O,. Also, there is a high binding energy peak (~531.3
eV) that is 1.8 eV from the NiO O 1s peak, with a more
pronounced degree of tailing. Previous reports have suggested
that, at elevated temperatures, there is an evolution in oxide
formation including transitions through nonstoichiometric
states, which correlates with the evolution of a higher binding
energy O 1s component shifted by ~1.8 eV, attributed to Ni,O;
defects.*>%®%*~87 The presence of Ni,O; is also confirmed in
the Ni 2p spectrum, where the Ni 2}5) peak has the predominant
third component near 855.3 eV.”>™ Literature XPS results for
Li* doped NiO, a complementary p-doped nickel oxide system,
demonstrated a shift to lower binding energy (~0.4 eV) in the
O 1s spectrum as the concentration of Li* was increased.*’
Changes in the Ni 2p line shape were also observed, with a
decrease in the proposed NiO peak at ~855 eV relative to the
interstate geak at ~856.7, although no direct correlations were
discussed.”® The conclusion of partial conversion to Ni,O,
seems reasonable, since at 500 °C, full dehydration/
dehydroxylation of the film is expected. There is also a clear
difference in the Figure 1d Ni Auger spectrum, when compared
with Figures la-c, with two distinct peaks indicating the partial
conversion of NiO to Ni,Oj;. This is further supported by the O
1s spectrum where there are multiple domains within the film
that are representative of unique oxidation states. From these
results there are two clearly different oxidation states of nickel
present in these thin films, namely Ni** and Ni**. It is
important to note, however, that there is still some disagree-
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ment in the literature regarding the speciation of nickel in
“doped” NiO, where, for example, Adler et al. have suggested
that the energetic formation of Ni*" is unfavorable, and that
charge compensation should occur with O~ ions, or ligand
holes.*® The difference between this form of high-temperature
processed nickel oxide and the s-NiOx films discussed below is
nevertheless clear.

Electrochemically Grown NiOOH. Aside from a Ni,O,
species, higher order oxidation states of nickel can also be
formed by the further oxidation of nickel hydroxides
summarized by the following simplified reaction®”

Ni(OH), 2 NiOOH + H + ¢~

The presence of oxy-hydroxide intermediates (NiOOH) have
been suggested by Bockris et al. and are associated with the
lower thermodynamic potential for oxidation of water molecule
to H,0, and oxygen (E°m00/m0 & 1.77 V; E°0y/tn0; = 0.68
V) versus the oxidation of water to OH radicals to oxygen
(E%m/mo = 28 V; E°0y o = 24 V).5%7%% Because of this
lower thermodynamic potential, it was hypothesized that
NiOOH species may be created upon O,-plasma etching of
the s-NiO,, films in Figure 2. Because of the known reactivity of
Ni** species, the sample was immersed under potential control,
quickly rinsed, and immediately loaded into a vacuum while
under argon gas.

The XPS data in Figure le are consistent with previous
photoemission data for NiOOH films,”””** and show unique
O 1s, Ni 2p and LVV Auger peaks when compared to the
Ni,O; standard shown in Figure 1d. The O 1s spectrum is fit
with four O 1s peaks, including the peak for NiO at ~529.21 eV
and the peak for Ni(OH), at ~530.7 eV both of which have
shifted to slightly lower binding energies than the samples in
Figure la—d, consistent with previous reports of NiOOH
characterization.*” A new component at ~532.1 eV is observed
associated with the oxyhydroxide, NiOOH. Finally, the highest
binding energy component in Figure le is attributed to
physisorbed water at ~3532.9 eV.”"”

The Ni 2p spectrum in the NiOOH film (Figure le) shows a
unique distribution of photoemission signals relative to the
other four controls (Figure la—d). The Ni 2p region is
dominated by a peak at ~855.2 eV, missing any contribution
from Ni°® (at ~852.9 eV), and the Ni 2p transition associated
with NiO near 853.1 eV. Previous XPS/UPS measurements
performed on electrochemically oxidized Ni foils have
demonstrated a transition between a NiO/Ni(OH), layer at
less positive oxidizing potentials to a NiO/NiOOH structure at
potentials sufficiently positive to evolve oxygen.*” The observed
Ni 2p peak is exclusively shifted to higher binding energies,
indicative of Ni** oxidation states.”””® The Auger peak also
demonstrates a unique line shape with a shoulder on the high
KE/low BE side of the main Auger line, which indicates the
presence of unique oxidation states. This is consistent with the
formation of y-NiOOH with some residual hydroxide and is
clearly different from the Auger peaks for the oxide films in
Figures 1b-d. In the phase diagram by Bode et al, NiOOH has
been proposed to exist in two different structures: (i) fS-
NiOOH with a Ni oxidation state ~3.0; (ii) y-NiOOH with a
Ni oxidation state ~3.5—3.7), with different organization and
interslab distances.®”*° The predominant form has been
proposed to be y-NiOOH which is a mixture of Ni* and
Ni** oxides.””*° Electrochemically grown y-NiOOH typically
shows inclusion of alkali ions (from the growth solution) within
the crystal lattice,"” which were confirmed, with easily
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Table 2. Binding Energies and Percent Compositions for O 1s Peaks in Figure 2

O 1s % composition Ni 2p;), Ni 2p, ),
AD-s-NiO, 529.7° 39.9 854.7" 872.4"
531.1¢ 39.1 856.4% 874.3%
531.8" 11.7
53274 9.3
Ar-s-NiO; 529.6" 66.8 853.1% 870.12
530.9° 26.8 854.8" 872.6"
532.07 6.4 856.4" 874.7"
OP-s-NiO, 529.4° 402 855.3" 872.9"
530.7° 315 856.9% 874.6%
531.9 20.0
532,99 83

Ni 2py/5-3/ Ni zpintersitei Ni 2pteiiite o a
17.7 857.8 861.8 1698.0 1702.8
18.0 1699.7 1704.4
17.0 858.0 862.3 1699.0
17.9 1700.7
183 1702.3
17.5 858.4 862.5 1699.6 1703.7
17.6 1701.2 1705.3

%@ = KEpyger + BE potoclectspni @ uses the higher kinetic energy (lower binding energy) shoulder of the Auger peak. b0 1s component of NiO. O 1s
component of Ni(OH),. “O 1s from physisorbed H,0. “O 1s from Ni,0;.7O 1s from NiOOH. $Metallic Ni character. "Ni 2p for NiO/Ni(OH),.

"Ni 23/ intersite: *Ni 2p for Ni,O;. *Ni 2p for NiOOH.

detectable levels of potassium ions in the XPS data for the
sample in Figure le.

XPS of Solution-Processed NiO, Films. Figure 2 shows the
O 1s, Ni 2p and LVV Ni Auger spectra for three different s-
NiO, films deposited on gold foils: (i) AD-s-NiO,, (ii) Ar-s-
NiO,, and (iii) OP-s-NiO,. Comparable results were obtained
with pretreatments of s-NiO, on ITO and gold substrates;
however, gold foils eliminate confusing the O 1s spectra in the
NiO, film with components from indium tin oxide (ITO)
substrates. Peaks were fit with the components used in the
standards XPS data in Figure 1 and the binding energies and
relative atomic percentages for each component are presented
in Table 2.

AD-s-NiO, Film. In Figure 2a, the two most prominent O 1s
peaks (529.7 and $31.1 eV) indicate that the majority of the
AD-s-NiO, processed at temperatures below 200 °C is a
mixture of NiO and Ni(OH),.*” The highest binding energy
component in each of the O 1s spectra was judged not to be
due to carbon contaminants; the sample-to-sample variations in
the contributions of this peak did not correlate with changes in
relative C 1s peak area. The Ni 2p spectra and the small, higher
binding energy shoulder of the Ni Auger spectra suggest the
presence of higher order nickel oxidation states, along with
adsorbed water. The higher-order states are attributed to the
oxy-hydroxide (NiOOH) component, as Ni,O; is not as stable
at low temperatures in the presence of water.

Ar-s-NiO, Film. Figure 2b shows the XPS data of Ar-s-NiO,
films. Ar ion bombardment causes preferential loss of oxygen,
resulting in reduction of the oxide to Ni metal.”>*>*>1=%3
From the O 1s spectrum, it appears as if the predominant O 1s
component removed by the sputtering process is associated
with surface hydroxyl species, with residual physisorbed water
remaining. A low BE shoulder appears in the Ni 2p spectrum at
~853.1 eV for Ni 2p;,, and 870.1 eV for Ni 2p,,, suggesting
the presence of Ni’, further corroborated by the Ni2p,, —
Ni2p;,, separation of 17.0 eV. There does appear to be three
clear components in both the Ni 2p;,, and Ni 2p,,, spectra,
possibly suggesting that Ni**-like defect states are introduced,
arising from charge neutralization within the oxide film. Unlike
the standards containing higher-order nickel oxidation states,
the @ parameters remain consistent with the presence of Ni?*
species. Thus, one can conclude the three components are
metallic nickel and resolved NiO and Ni(OH), in the Ni 2p
spectrum. In Figure 2b, NiO and Ni(OH), are both grouped
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under one assignment, representing a single oxidation state of
nickel.

OP-s-NiO, Film. Figure 2c shows the XPS spectra of the
OP-s-NiO,, film. O,-plasma treatment has been deemed
essential to achieve the chemical wetting and electronic
properties required for hole-selective interlayers in OPVs
based on polymer:fullerene BHJs.*>*' The O, plasma treat-
ment appears to dramatically change the O 1s spectrum, with
the higher binding energy components becoming more
pronounced. There is also a shift in the Ni 2p spectrum
toward higher binding energy and a change in the relative
intensities of the Ni 2p peaks. Unlike the AD-s-NiOx, there is
little ambiguity with comparison to the standards in Figure 1,
indicating these peak shapes and distributions are consistent
with a mixture of NiO, Ni(OH),, and NiOOH states. It is
hypothesized that the O, plasma treatment results in both f-
and y-NiOOH phases, as well as an underlying NiO/Ni(OH),
layer. This conclusion is further collaborated by the valence
structure of the Ni Auger line in Figure 2¢ and the high binding
energy shift of the Ni 2p;/, components. The highest binding
energy component in the O 1s spectrum is attributed to
physisorbed water.

The presence of oxyhydroxide components in these NiO,
films, as well as the demonstrated spectral shapes, differs from
what has been previously hypothesized for NiO, inter-
layers 3839495235594 previous reports have suggested that
O,-plasma treatment of NiO films (deposited by sputtering)
introduces higher-order oxide components, attributed only to
Ni,O;, with Ni** defect states that p-dope the film.’**%**
However, the presence of a stoichiometric Ni** oxide (Ni,O5)
seems less probable than NiOOH. Ni,O; has a trigonal
hexagonal crystal structure similar to Al,O;, while both the f-
NiOOH and Ni(OH), have a rhombohedral structure.® It is
not anticipated that sufficient energy has been induced by
annealing and the O,-plasma treatment to induce such a
crystallographic reorganization. A Ni,O; layer also seems
improbable since process temperatures in excess of 250 °C
are required for dehydration/dehydroxylation and conversion
to the higher order oxide.’>****~*” Only by performing a
detailed study with the rigorous standards given in Figure 1
were we able to uniquely identify the presence of the oxy-
hydroxide. The presence of NiOOH, a dipole species, and not
Ni,O;, an artifact of p-doping, will have direct impact on
understanding device performance, as discussed below.
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Figure 3. (a) UPS and (b) UPS/IPES of the different pretreated s-NiO, films (i) as-deposited, (ii) Ar-ion-sputtered, and (iii). O, plasma-treated.
The UPS and IPES spectra of the different pretreatments of NiO, films in b were used to define the bandgap stated in Figure 4b. It is important to
note that the UPS spectra in a and b show the same valence band and relative Fermi edges, but were taken with different instruments.
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Figure 4. (a) Valence orbital labels and relative energies with respect to the Fermi level for Ni metal and NiO, as discussed in the text and derived
from experimental and theoretical evidence. Valence orbital peaks determined in Figure 3 for the different pretreatments are also included for
reference. (b) Proposed energy band diagrams for the different pretreatments of s-NiO,films: (i) as-deposited, (i) Ar ion-sputtered, and (iii) O,
plasma-treated.

UPS/IPES of s-NiO, Films. Photoelectron spectroscopy techniques, the @, IE, and EA are all defined as energy

can be a useful tool for probing the work function (®), separations from the surface specific vacuum level, and not an
ionization energy (IE), and electron affinity (EA) of a thin, infinite vacuum level common to all surfaces.””*’ Because of
conductive film, using UPS and IPES, respectively. In these this definition, all three key parameters can be susceptible to
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surface dipole species such as NiOOH as well as effective p-
doping, such as Ni,O;. By combining the surface species
evaluation discussed above with UPS and IPES, a more clear
understanding of the interfacial phenomena affecting the
performance of NiO, interlayers can be achieved.

Figure 3 (i, ii, and iii) shows the UPS and IPES results for as-
deposited, Ar ion-sputtered, and O,-plasma treated s-NiO,
films respectively. Figure 4 summarizes the valence orbital
energy levels and how they are altered for various nickel oxides
(Figure 4a) and the proposed electrical band edge energies
inferred from the UPS/IPES data (Figure 4b). As described in
Figure 4a, the valence band for NiO, is comprised of the
occupied Ni 3d and O 2p orbitals while the conduction band is
composed of the unoccupied Ni 3d, Ni 4s, and Ni 4p orbitals,
with the ground state configuration of Ni3d*02p%.**?7'% In
Figure 3a, curve i, the UPS of the AD-s-NiO, film shows a
feature at ~2 eV below the Fermi level attributed to localized
Ni 3d states, and an O 2p band from approximately —4 to —7
eV, with a subtle splitting feature. The splitting of the O 2p
orbitals arises from the differentiated five Ni 3d levels, which
are split into a tri3p1y degenerate t,, level and a doubly
degenerate e, level,** consistent with the different symmetries
associated with the Ni 3d,,, 3d,, and 3d,, for the t,, orbitals
and the Ni 3d,,, and 3d,, for the e, orbitals, as illustrated in
Figure 4a. This results in different interactions with the O 2p
orbital, causing splitting of the O 2p band into the O 2p, (~7
V) and O 2p, (~4.8 eV) bands.**'°" The molecular diagram
shows further splitting of the t,; and e, bands, according to spin
up and down, resulting in the t), (1), t,; (1), and e,(1)
comprising the occupied orbitals and the e, (|) as the
unoccupied orbital.'® The IPES data for the AD-s-NiO,
(Figure 3b, curve i) exhibits a broad feature at ~2.6 eV
above the Fermi level, indicating the onset of the conduction
band comprised of empty Ni 3d states. For NiO, the
conduction band is proposed to be composed from the
Ni3d’02p° state at ~4 eV above the Fermi level, with the final
state found to be the Ni3d'°02p° calculated to be 14 eV above
the first band. !> From the combination of IPES and UPS
data, the energetic band gap is estimated at ~3.1 eV, with a ®
~4.7 eV, an IE ~5.2 eV and an EA ~ 2.1 eV for AD-s-NiO,, as
summarized in Figure 4, panel i.

The UPS/IPES of the Ar-s-NiOx films shown in Figure 3,
panel ii, present unique valence and conduction band structure
to the AD-s-NiO, films. Previous reports of Ar ion sputtering
have demonstrated preferential removal of the O~ ions by the
Ar ion bombardment, as consistent with the XPS results in
Figure 2b.%¥'% There is clear indication of metallic nickel-like
ground state, with a ground state configuration of 3d°4sp’. It is
generally accepted that there is a definite hybridization of
orbitals for the unoccupied states over the occupied states'**
and the Ni 3d valence states have been suggested to be of
~90% 3d character,'® although there are also calculations that
suggest a certain degree of hybridization among the 3d, 4s, and
4p valence orbitals."® In the UPS of the Ar-s-NiOx film Figure
3 ii, the metallic like character is demonstrated with the
exposure of the Ni 3d feature within ~0.5 eV of the Fermi level
and an additional Ni 3d feature at ~1.5 eV below the Fermi
level, which is associated with the majority and minority spins
of a nearly localized Ni 3d band.**'°***7 There is also a lower
intensity feature from the Ni 4s structure at ~3 to 9 eV below
the Fermi for metallic Ni, as suggested by the molecular
diagram in Figure 4a.'®® The unfilled states, as measured by
IPES, are comprised of unoccupied Ni 3d states just above the
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Fermi level'® "' as well as empty Ni 4s states at ~1.1 to 1.4

eV above the Fermi level.'" Attribution to the Ni 4p band is at
approximately 7 eV above the Fermi level.''" However, the O
2p features, as seen in the AD-s-NiOx spectrum persist,
indicating that full conversion to metallic Ni has not taken
place, also consistent with the XPS results discussed above.
This O 2p-like feature in the region 4—10 eV below the Fermi
level may also arise from Ni 4s character emerging ~3 eV below
the Fermi level, causing some additional broadening of this
photoemission peak. The IPES data in Figure 3b, plot ii,
suggests an electronic structure consistent with the emergence
of the Ni 3d/Ni 4s structure of metallic Ni, yielding a decrease
in both ®@ and IE of ~3.9 eV, with an EA at ~3.5 eV and an
electronic band gap of ~0.4 eV, as summarized in Figure 4b,
panel ii.

OP-s-NiO, shows a predominant decrease in the Ni 3d
feature at ~2 eV below the Fermi level Figure 3a, plot iii,
although there is still residual evidence of the Ni 3d emission
feature (Figure 4b). There is a more pronounced O2p peak
separation into ¢ and 7 components, demonstrated by the
features at ~4 eV and ~6 eV below the Fermi level,
respectively.*>'®" These features have been shifted to lower
energies with respect to the Fermi edge (toward higher binding
energies) versus AD-s-NiO,. The IPES data (Figure 3b, plot iii)
shows the unfilled Ni 3d state, similar to that of the as-
deposited s-NiO,, but at a higher energy with respect to the
Fermi level (~3.2 versus 2.6 eV), yielding a striking increase in
the electronic bandgap energy to 3.6 eV, which is significant for
the use of this material as an OPV interlayer. Overall, the
surface exhibits an increase in @ to ~5.3 eV and the IE to ~5.7
eV (Figure 4b). The UPS/IPES data for the OP-s-NiO,, further
confirms the XPS results discussed above: the O,-plasma etch
does not appear to extensively p-dope the oxide. If the oxide
was sufficiently p-doped, the enthalpy of formation for midgap
states would also be affected; evidence for these states within
the charge transfer gap of p-doped NiO with Li* has been
previously reported with the detection of a peak at ~1.2 eV
above the Fermi level in IPES.® The significant change in the
vacuum level shift between the AD-s-NiO, and OP-s-NiO,
films, (AE,. =~ +0.5 eV) as seen from the shift of the
photoemission cutoff in Figure 3 i and iii, result in a significant
increase in both the @ and IE of the film post O, plasma
treatment (Figure 4b). This large vacuum level shift implies the
formation of a strong dipole upon plasma treatment, again
consistent with an oxyhydroxide species and not necessarily
Ni,O;. A recent theoretical calculation by Van der Ven et al.'**
hypothesizes a transition in the crystal structure from the
established T1 oxygen stacking (ABAB) for Ni(OH),"'>''¢ to
a theoretical P3 oxygen stacking (AABBCC). The result is a
surface of O—Ni—OH, creating a unique surface dipole from a
predominantly hydroxylated surface, consistent with the
differences in the UPS measurements for the AD-s-NiO, and
OP-s-NiO,. The observed changes in the band edge energetics
for OP-s-NiO, films, which are dictated by near-surface
composition changes, are critical to the performance of these
interlayers in OPVs, as discussed further below.

Figure 5 gives the optical absorbance spectrum for the AD-
and OP-s-NiOx films. The onset of absorption provides an
estimate of the optical band gaps, which is 3.8 (+0.2) eV for the
as-deposited s-NiO, film and ~3.6 (£0.2) eV for the O,-
plasma-treated s-NiO,, film. These are changes in the bulk band
gap energy for s-NiO, and are quite different from the band gap
energies inferred from the UPS/IPES data. The changes in ®

~
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Figure 5. Optical absorbance spectra (solid lines) and optical band gap
fits for AD-s-NiO,, (black lines) and OP-s-NiO,, (red lines) films on
quartz. The inset shows the raw absorbance data. The optical gap
decreases from ~3.8 (£0.2) eV for the as-deposited film to ~3.6
(£0.2) eV post-O, plasma treatment.

and IE measured using UPS/IPES spectroscopy are extremely
surface sensitive and are attributed to a combination of a
vacuum level shift due to the presence of NiIOOH on the
surface and a slight increase in p-doping of the oxide film. The
contribution of p-doping of the oxide is hypothesized to be a
much less significant effect. The optical gap differences with
pretreatment are statistically similar, whereas the electronic

gaps discussed above are quite different. We therefore conclude

again that the electronic measurements are surface sensitive and
not representative of the bulk band gap.

J—V Behavior of As-Deposited versus O,-Plasma-
Treated s-NiO, Interlayers. Previous studies on the device
implications of NiO, interlayers have anticipated that changes
in near-surface composition and band edge energies for s-NiO,,
films would impact on hole-selectivity in charge harvesting
through these interlayer films (via electron blocking).’*>"*%
The AD- and OP-s-NiOx interlayers are compared using the
current density—voltage (J—V) behavior in diode-like device
platforms designed to test the rectification and electron-
blocking capabilities of the NiO, interlayers, exploring both
PC¢;BM/NiO, and P3HT:PCyBM/NiO, heterojunctions.

Figure 6 demonstrates the J—V rectification of device
platforms (ITO/NiO,/PC¢BM/Ca:Al) designed to test the
electron-blocking, hole-selective capabilities of the AD- and
OP-s-NiO,, interlayers. The linear and log form of the J—V
curves are plotted in Figures 6a and 6b, respectively. The
energy diagrams in Figures 6¢ and 6d were estimated from UPS
measurements of PCqBM on differently treated oxide
interlayers. The LUMO of PC4BM was estimated from
previously reported IPES measurements.''” Given the energy
diagrams for these materials, J—V behavior is expected to be
analogous to planar, type II heterojunctions in the dark.

Both heterojunctions are rectifying; at forward bias, hole-
injection into the NiO, interlayer and electron-injection into
the fullerene layer leads to recombination limited currents, with
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a significantly higher forward bias onset voltage for the OP-s-
NiO, films. This increased onset voltage is consistent with the
change observed in the energy gap (Evg, niox — ELumor pesm)
upon O,-plasma treatment (Figure 4b). Near zero bias and at
reverse bias, the diode-based on the OP-s-NiO, film
demonstrates a significantly reduced reverse saturation current
(ca. 100x lower at zero bias), with higher voltages obtained
prior to breakdown. This current is the result of: (i)
overcoming the energetic barrier between the interlayer and
the ITO, which is quite large; or (ii) leakage pathways between
the ITO Fermi level and the NiO, gap states or through
pinholes, analogous to leakage current in a type II
heterojunction. However, there is no barrier for electrons
from the conduction band of the NiO, into the fullerene. The
leakage current between via pinholes and the midgap states of
the NiO, and the ITO seems most probable. At sufficient field
strength even the OP-s-NiO, film allows for electron injection;
however, such field strengths are unlikely to be obtained in
working OPVs. The J-V curves for the electron-only devices
further confirm the photoelectron spectroscopy results above,
indicating minimal p-doping of the oxide. If the O, plasma
treatment was acting only to p—do;)e the material (as in
previously ascribed cases of Ni,Q,),*%3%4952333694 5 higher
degree of leakage current, due an increase of midgap states, is
expected over the AD-s-NiO, interlayer. However, if the
predominant surface affect upon O, plasma etch is to introduce
an interface dipole, which alters the band edge energies and
local vacuum level (NiOOH), the amount of leakage current
should be reduced. The combined conclusions from the XPS,
UPS, IPES, and optical data all indicate that the enhanced
electron blocking properties of the OP-s-NiO, films are
attributed to the formation of the surface dipole, which
prevents electrons from being collected at the oxide/fullerene
interface, relative to the AD-NiOx layer. Thus, proper control
and manipulation of the local interfacial dipole appears to be
sufficient for improved electron-blocking properties of the
oxide film.

The ability to more efficiently block electrons at the
interlayer is demonstrated in full P3BHT:PC¢BM BHJ OPVs,
as shown in Figure 7, with device parameters presented in

15 4 1
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Figure 7. J—V characteristics for typical (black lines) AD-NiOx and
(red lines) O,-plasma-treated NiOx interlayer devices constructed with
P3HT:PC4BM BH]Js. Device parameters are provided in Table 3 and
full linear and semilog plots are provided in the Supporting
Information.

Table 3 and expanded linear and log J-V curves given in the
Supporting Information section. The AD-s-NiO, interlayer

4997

Table 3. Device Parameters for Figure 7

AD-s-NiO,, OP-s-NiO,,
V,. (V) 0.49 (+0.03) 0.58 (+0.01)
Joc (mA cm™) —10.1 (x 0.1) —9.7 (+ 02)
FF 0.54 (+ 0.01) 0.67 (% 0.01)
eff. 2.7 (£ 0.1) 3.7 (£ 0.1)
Jo (mA cm™) 6.6 (+ 1.7) X 1077 1.6 (+ 3.2) x 1077
Recriesdurk (2 em™) 59 (+ 1.0) 2.6 (0.2)
Rt o (Q cm™) 52 (+ 7.6) X 10° 2.5 (+ 1.6) X 10°
Rycriesignt (€ em™) 52 (% 0.3) 26 (£ 02)

4.1 (+ 14) x 10°
42000 (£ 49 000)

40 (+ 1.7) x 10°
57000 (& 45 000)

-2
Rshunt,light (Q cm )
degree of rectification”

dark

degree of rectification”

light

6.9 (£ 0.6) 113 (+ 0.8)

“degree of rectification is determined by comparing the current
densities at +1 V in the OPV.

produces an OPV response with an open circuit voltage (V)
of 0.49 V, a short-circuit photocurrent (Jgc) of 10.1 mA/cm?,
and a fill factor of 0.54, resulting in an overall efficiency of 2.7%.
The OP-s-NiOx interlayer increases the Vi to 0.58 V and
results in an insignificant decrease in Jsc (9.7 mA/cm?).
However, the fill factor of the O,-plasma treated interlayer
devices was significantly higher (0.67), yielding an overall
efficiency increase to 3.7%. The increase in the V¢ can be
explained through a decrease in the density of states at the
valence band edge of the NiO, interlayer. By eliminating the Ni
3d states from the valence band upon O,-plasma treatment,
midgap states are reduced and/or are not accessible due to the
presence of the dipole at the surface. The leakage current and
recombination at the interface are both decreased, resulting in
an increase in Vyc. The improvement is attributable to a
significant decrease in recombination probabilities, derived
from the improved electron-blocking properties of the OP-s-
NiO, interlayer.

If one assumes that the relative Fermi level for holes (Eg qe)
is pinned in both cases to the Fermi level of the interlayer (4.7
eV versus 5.3 €V for O, plasma)''®*™'*! and the relative Fermi
level for electrons (Egjectrons) is dictated by top contact and
thus unchanged, an increase in the V¢ of the device is also
predicted for the O,-plasma treated device by creating a larger
Eglectrons — Erpoles Offset. However, pinning the Egjge, at a
deeper level, relative to vacuum, may also decrease the
HOMO—-HOMO offset for the P3HT and PC4BM and a
decrease in charge generation within the blend is expected
(possibly decreasing the short circuit current of the
device).”*”'*' However, no evidence for changes in charge
carriers was detected. Energy level alignment studies are part of
current and future research to study and understand the
interface of the NiO, with different active layers.

B CONCLUSIONS

Solution-processed NiO, represents one of several oxide
interlayers currently being explored for OPV applications,
with emphasis on selectivity for the collection of holes while
having a high bandgap to block electrons from acceptors. The
treatment of the films with an O,-plasma provides a significant
increase in the work function (from 4.7 to 5.3 eV) and is largely
attributed to an increase in concentration of NiOOH species on
the surface, resulting in a large surface dipole. The plasma
treatment shows a reduction in the near-Fermi edge density of
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Ni 3d states of the valence, but has little impact on the
conduction band. The measured change in the valence
structure, combined with the surface dipole, serve to enhance
the electron blocking characteristics from both the fullerene
PC4,BM and the leakage current from the ITO into the midgap
states of the NiO,. The result is an increase in Vi, attributed
to the reduction in both the leakage current and recombination
at the NiO,/BH]J interface. It may be possible that the surface
chemistries are locally controlling the energetics of the
subsequent blend layer or inducing unique ordering of the
blend directly on the oxide. Regardless, the presence and
increased concentration of NiOOH species following O,
plasma treatment indicate that the oxide/organic interface is
particularly important when these interlayers are included in
OPVs. The high level of interfacial forces present at the surface
signifies that these interfaces are sufficiently more complex than
the assumed van der Walls controlled interfaces of organic/
organic layers (namely PEDOT:PSS and subsequent
blends)."'®'**'*! Understanding the nature of interactions,
the effect of ionic versus covalently bound interlayers on the
interface, and how these interlayers improve device perform-
ance continue to be a point of debate and interest and will be
the focus of future works.
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